Purpose To evaluate the incidence of mechanical complications in patients with adult spine deformity (ASD) treated by restoring the normal shape according to the Roussouly classification. Methods This is a retrospective multicentric study with a minimum follow-up of 2 years. Patients operated on with fusion for ASD (minimum performed fusion: L2 to sacrum) were included. Patients with a history of previous spinal fusion of more than three levels were excluded. Spinal and pelvic parameters were measured on the preoperative and the immediate postoperative follow-up. All mechanical complications were recorded. Results A total of 290 patients met the criteria of inclusion with a minimum follow-up of 2 years. Mechanical complications occurred in 30.4% of the cohort. The most common complication was PJK with an incidence of 18% while nonunion or instrumentation failure (rod breakage, implant failure) occurred in 12.4%. 66% of the patients were restored to the normal shape according to the Roussouly classification based on their PI and had a mechanical complication rate of 22.5%, whereas the remaining 34% of patients had a complication rate of 46.8% (p < 0.001). The relative risk for developing a mechanical complication if the algorithm was not met was 3 (CI 1.5-4.3; p < 0.001) Conclusion In the recent literature, there are no clear guidelines for ASD correction. Restoring the sagittal spinal contour to the normal shapes of Roussouly according to the PI could serve as a guideline for ASD treatment. Ignoring this algorithm has a threefold risk of increased mechanical complications. We recommend this algorithm for treatment of ASD. Level of evidence IV cross-sectional observational study.
Operated by restoring to the initial shape
Operated by not restoring to the initial shape 2. We recommend the restoration of the sagittal shape of the spine according to the Roussouly classification.
Introduction
The incidence of adult spinal deformity (ASD) in general and adult scoliosis in particular is increasing with the age of the population. It ranges between 29% at the age of 54 years to more than 65% after the age of 65 years [1] . It is associated with poor quality of life, especially when coronal and sagittal imbalance are present [2] . Surgical treatment of adult scoliosis is challenging and requires complex surgical techniques in patients with multiple comorbidities. It is associated with a high revision rate (50% at 10 years) and an increased mortality [3, 4] . ASD surgery is associated with a 20-50% incidence of mechanical complications [pseudarthrosis, proximal junctional kyphosis (PJK)…] [4] . PJK was first described in Scheuermann's kyphosis [5] and adolescent idiopathic scoliosis [6] . The functional consequences can often lead to multiple surgical revisions [7] . On the other hand, distal fixation in long posterior spinal fixation is crucial since, even with the advancement of spinal instrumentation, there is up to 44% incidence of distal mechanical complications in ASD surgery [8] .
Roussouly presented in 2005 his classification of the spinal shapes in the normal population [9] . Prior to this study, no classification was done to describe the normal shapes of the asymptomatic spine. Four types of spinal shapes were described depending on the SS and the shape of the lumbar lordosis. This classification has been recently updated to include a fifth type, the anteverted type 3 ( Fig. 1 ) [10] . Moreover, a new classification describing the evolution of the asymptomatic typology under degenerative conditions has been recently proposed by Roussouly [11] (Fig. 2 ).
In the recent available medical literature, there are no clear guidelines for ASD correction as PI-LL formula yielded unacceptably high rates of mechanical complications and the updated age specific goals are yet to yield definitive guidelines [12] . Moreover, it has recently been published that restoring the apex of the lordosis to the levels corresponding to the Roussouly classification would reduce the risk of PJK by a ratio of 4.6 [13] . Based on the fact that identification of the correspondence between pelvic incidence and spinal degenerative shape would allow recognizing the original "normal" shape, the proposed algorithm is to restore the low-pelvic-incidence patients to type 1 or type 2 while restoring higher-pelvic-incidence patients to type 3 and type 4. The main objective of this multicentric study was to evaluate the incidence of mechanical complications in surgical treatment of ASD with correlation to the spinal shapes.
Methods
This is a retrospective multicentric radiological study. The inclusion period started in January 2010 and ended in December 2016, aiming to have a minimum follow-up of 2 years. Patients aged ≥ 18 years and operated on with lumbar fusion for degenerative spine disease with a fusion from L2 to the sacrum (or longer, with or without pelvic fixation-minimum 4 fused levels including the sacrum) were included in this study. Long standing X-ray (digital or EOS ® ) of the full spine preoperatively, in the immediate postoperative period and at the last follow-up, had to be available for inclusion. Exclusion criteria were: (1) history of previous spinal fusion of more than three levels (four included vertebras), (2) scoliosis secondary to a tumoral etiology, (3) scoliosis with neuro-muscular etiology (Parkinson's, etc.) and (4) records with missing data. Laminectomy, discectomy and fusion of two levels were not considered as exclusion criteria.
A spine surgeon (AS) and spine fellow (MR), who were not involved in the surgical treatment of the patients, collected and measured retrospectively all radiographic data. Full spine radiographs were analyzed using semi-manual computerized software for sagittal spinopelvic and scoliosis curvature radiologic measurements, KEOPS ® (SMAIO, Lyon, France) which has shown excellent reliability in measuring sagittal and coronal parameters [14] . The radiographic measures that were made are the following: Proximal junctional kyphosis was defined according to the definition of Glattes: PJK angle is determined by the angle between the lower endplate of the upper instrumented vertebra and the upper endplate of the second supra-adjacent vertebrae. Proximal junctional kyphosis is considered present when the PJK angle is superior to 10° and is at least 10° greater compared its preoperative value [16] . Nonunion was defined if there was a fracture of the rods, loosening of the instrumentation or clear nonunion on the CT scanner (if performed). PJK and nonunion were chosen to be analyzed because when a construct fails, it could fail inside (nonunion) or above it (PJK). Patients were then divided into two groups: in the first group, the operative strategy matches the proposed algorithm (low-PI group (< 50°) restored to types 1 and 2 and high-PI (≥ 50°) group restored to types 3 and 4). In the second group, the operative strategy does not match the proposed algorithm. Complications and all measured variables were compared between both groups. SPSS 18.0 (International Business Machines Corporation, Armonk NY) was used for statistical analysis. Shapiro normality test was used to test the normal distribution of the cohort. Fisher exact test was used for continuous variables, and a Chi-squared χ 2 test was performed for non-continuous variables. Hazard ratios (HR) for predictive factors will be then calculated. p value of 0.05 will be the threshold for statistical significance.
Results
Two hundred ninety (290) patients met the inclusion criteria with a minimum follow-up of 2 years. The mean age was 58.4 years (19-79 years), and the mean follow-up in this series was 66 months (24-91) with female-to-male ratio of 3.6/1. Mean BMI was 25.4 (17.2-38.4) .
Analysis of the spinal parameters is shown in Table 1 . The mean pelvic incidence was 52.6° (25°-89.3°). Mechanical complications occurred in 30.4% of the cohort. The most common complication was PJK with an incidence of 18%, while nonunion or instrumentation failure (rod breakage, implant failure) occurred in 12.4%.
Sixty-six percent of the patients were operated according to the proposed algorithm ( Fig. 3) and had a mechanical complication rate of 22.5%, whereas the remaining 34% of patients ( Fig. 4 ) had a complication rate of 46.8% (p < 0.001). When comparing the patients in whom the algorithm was abided and the patients in whom it was not, only preoperative PT was higher in the latter (21.9° vs 26.7°, p < 0.001). Finally, the relative risk for developing a mechanical complication if the algorithm was not met was 3 (CI 1.5-4.3; p < 0.001).
When comparing patients who developed complications with those who did not (Table 2) , patients who developed complications had a trend, although not significant, toward a higher age (57.3 yrs vs 60.3 years, p = 0.06) and had a significant higher PT, pre-op, post-op and at the last follow-up measurements (respectively, 22.1° vs 26.2°, p = 0.03; 19.7° vs 22.4°; p = 0.01; 20.4° vs 24.3°, p = 0.02). There was also a higher postoperative Barrey ratio in patients with complications (80% vs 120%, p = 0.01).
When comparing the patients with high PI and low PI, there was a trend to a higher complication rate in the high-PI group (35.8% vs 26.1%, respectively; p = 0.07). It was noticed that 77% of the patients with low-PI group were given type 1 and type 2 shapes postoperatively, whereas only 58% of the patients with high PI had type 3 or type 4 shapes postoperatively. The highest rate of complications was found in the cases where the postoperative shape was the false type 2 shape (52.6%) followed by false type 3 (36.3%), whereas normal Roussouly types (types 1 to 4) had similar (and lowest) complication rates around 18%.
Discussion
Sagittal balance understanding is a primordial factor in implementing an accurate surgical strategy in degenerative spine. Recently, Sebaaly et al. [11] have described the Roussouly classification for degenerative spinal diseases. But, many criticized Roussouly classifications for being described in normal population and unusable in degenerative disease, while others stated that it cannot be widely applied and that it will be poorly understood in the physician population. We have found that restoring the shape according to PI decreases by threefold the rate of mechanical complications. PJK is a common complication of corrective surgery for ASD with an incidence ranging between 6 and 50% [8, 9] . We have found an incidence of 18.4% of PJK in this population similar to that reported in the literature [17] . In a recent evaluation of a large database of adult deformity patients, restoring the sagittal apex of the lordosis and its effects on the incidence of PJK was analyzed [13] . When postoperative sagittal apex of the lumbar curve was identical to the theoretical apex, PJK occurred in 13.5% of the cases, whereas it occurred in 41.4% in cases where the theoretical and actual apex were different (p = 0.01) with an OR = 4.6. The restoration of the sagittal apex of the lordosis is no other than the restoration of the initial shape according the PI.
The main finding of this study emphasizes the importance of the sagittal shape of the spine. The spine should be harmonious with an angle distribution as described by Berthonnaud et al. [18] . Limited angles and simplified formulas should be replaced by a vision of the whole spine. Surgeons must avoid using correction techniques to the whole spine according to a simple formula involving a fixed angle and the LL or a more complex formula involving some part of the lumbar lordosis (L4-S1). LL in its anatomical landmarks (L1S1) characterized by one angle has brought to a simple formula (PI-LL) excluding variable length and inside curvatures repartition. In Berthonnaud's model, lordosis length is variable and may be shorter or longer than LL In opposition to the anatomical LL, we used here the functional spinal lordosis (SL). SL Fig. 3 (continued)   Fig. 4 61-year-old female presented with sagittal and coronal imbalance (a, b). Spinal parameters analysis showed a high pelvic incidence (60) with low lumbar lordosis with an overall false type 2 shape (a). She was operated by using Ponte osteotomies with small correction of the sagittal balance keeping her shape as a false type 2 (c). She presented a symptomatic PJK 6 months postoperatively with T12 fracture (d) may be divided in two angles: the lower angle that is equal to SS and the upper angle that is equal to the lower angle of kyphosis [19] . Restoration of a normal shape is based on preoperative PI recognition.
In the case of low PI, the only options for restoration are type 1 or type 2 shapes. Due to the low PI, possibility of pelvic retroversion is low (low PT) and balance compensation by this way is limited. Roughly, a preoperative flat back (type 2) has to stay flat. On the other hand, a pre-existing thoracic kyphosis is better to be reduced in type 1, extending the kyphosis in thoraco-lumbar area as was shown by Scemama et al. [20] . In any case, increasing lordosis in length and angle and thus turning the spinal shape into an anteverted type 3 is a bad option and results in high rates of PJK [20, 21] .
In the case of high PI (> 50°), sagittal imbalance is always compensated by pelvic retroversion; sometimes, spinal extension compensation may be associated with a decreased thoracic kyphosis. Using SL segmentation, correction of SS to reduce PT is based on the lower angle correction and if using osteotomy the osteotomy site has to be as distal as possible [22] . If the reduction focuses on the upper arc without correcting the lower one, the SS correction will be very poor and the increasing upper arc of lordosis induces an increasing lower arc of kyphosis leading to mechanical complications, especially PJK. The second trap is the hypokyphosis compensation. If the lordosis is restored, the need for thoracic compensation disappears turning the thoracic area in kyphosis that is another cause of PJK (this time it is a rebalancing PJK).
In summary, the PI value of the initial shape is poorly affected by the degeneration with small balance compensation and thus maintaining the shape is quite easy and always a good option. Type 1 remains problematic for the majority of spine surgeons because reducing the thoracolumbar kyphosis is a common belief that generally leads to complications by inducing an anteverted type 3 that is always a bad option [20] . In the cases where there are compensatory mechanisms, the initial shape has therefore changed. Restoration of the initial shape according to PI with high PT is more challenging as has been shown that the false type 2 had the highest rate of mechanical complications. Therefore, in older patients a moderate correction may be a better option rather than ideal balance that cannot be supported in elderlies. When PI is over 70°, a more distal correction is a better option and a L5 PSO has to be considered to counter-act the excessive SS [23] .
This study found that the most important factor in limiting mechanical complications is no other than the restoration of the sagittal shape of the spine to its original profile according to the Roussouly classification. Nonetheless, surgeons should be aware of the technical difficulty of this task as we found that most of the patients in whom the algorithm could not be abided by, had a higher preoperative PT.
This study has several limitations. Functional scores (Oswestry, SRS-30, SF12…) were not evaluated neither correlated with the morphotypes described by Roussouly. Moreover, this is a cross-sectional study with data collection unable to identify trends of degenerative evolution of the patients' spines. Finally, this is a retrospective study with some unexploitable data and some missing values (such as bone density to study the effect of osteoporosis). In a further study, a complete algorithm to restore the pathological shape to normal shape will have to be described.
Conclusion
In the recent literature, there are no clear guidelines for surgical ASD correction objectives. The proposed algorithm by Roussouly could serve as a guideline for the treatment of ASD since it focuses on the entire spinal shape to the Roussouly classification according the patients PI. Ignoring this algorithm is associated with a threefold risk of increasing mechanical complications. 
